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a b s t r a c t 
This paper presents an application of Doppler SODAR (Sound Detection and Ranging) system for the as- 
sessment of wind characteristics at an onshore site in Tamil Nadu, India. The wind speed is statistically 
analyzed by means of Weibull distribution function and results were used to compute several charac- 
teristics parameters related to wind energy applications and no signiﬁcant discrepancies were observed. 
The characteristics of wind shear coeﬃcient were evaluated for different altitudes. The vertical proﬁle 
of wind speed measured from SODAR system was compared with existing models. Furthermore, the tur- 
bulence characteristics were analyzed and compared along with the turbulence intensity. From the eco- 
nomic point of view the SODAR system was found to be cost-effective at higher heights. The results of 
this study are expected to provide useful information for the deployment of remote sensing instruments 
for wind energy development in India. 
© 2017 Published by Elsevier B.V. on behalf of Tomsk Polytechnic University. 
This is an open access article under the CC BY-NC-ND license. 
( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
1
 
w  
r  
i  
o  
f  
a  
t  
l  
a  
e  
a  
d
 
a  
6  
g  
c  
I  
d  
(
l  
o  
t  
r  
i  
d  
S  
t  
i  
n  
t  
c  
i  
o  
a  
c  
[  
i
 
h  
v  
S  
h
2
(. Introduction 
The wind energy sector is gaining a growing attention world-
ide with an intention to alleviate the degradation of the natu-
al resources. The wind energy plays a signiﬁcant role in fulﬁll-
ng country’s electricity demand and secondary the eﬃcient use
f it will mitigate the challenges leading to the depletion of fossil
uel. Keeping the above points, the wind energy sector has gained
 huge attention in the past decade and has emerged as an alterna-
ive to meet electric demands. Now a days the wind turbine instal-
ation are getting broad attention towards forests, hilly, complex
nd mountainous terrain as well as in offshore region and mod-
rn wind turbines are gaining higher heights, therefore the detail
nd accurate assessment of wind characteristics is essential in the
evelopment stage of wind farm site [1] . 
The monitoring of wind characteristics is done by standard cup
nemometer mounted on meteorological mast as per IEC standard
1,400-12-1 [2] . However, the modern wind turbines are constantly
etting higher hub heights and larger rotor diameter which in-
reases the need for taller and multiple masts for larger wind farm.
t results in addition of extra cost to the project and technical
iﬃculties for installation and maintenance [3] . Besides, the mast∗ Corresponding author. 
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 http://creativecommons.org/licenses/by-nc-nd/4.0/ ) eads to a measurement biases due to interference effect because
f the presence of supporting structure, the local wind ﬁeld is dis-
orted by the tower supporting an anemometer and also affects the
eadings of the anemometers [4,5] . M. A. Baseer et al. [5] stud-
ed the performance of cup anemometer installed on a tall mast at
ifferent heights. Hence ground-based remote sensing techniques
ODAR (Sound Detection and Ranging) and LiDAR (Light Detec-
ion and Ranging) and airborne remote sensors are extensively be-
ng used for wind energy development. The remote sensing tech-
ique has the ability to measure wind characteristics at higher alti-
udes [6] . The remote sensing technique has several advantages in
omparison with traditional meteorological mast technique. First,
t measures the vertical wind proﬁles and measure the wind ﬁeld
ver a much larger volume [1,7] encourages carrying out the evalu-
tion of economic feasibility and design of wind turbine. Second, it
an be used at offshore, onshore, complex and mountainous region
8] . More importantly, easy installation and portability, low visual
mpact and operates unattended for long periods of time. 
Particularly, the Sound Detection and Ranging (SODAR) systems
ave been broadly applied to measure wind characteristics. The
arious previous studies show the ﬁdelity of the measurement of
ODAR systems [9,10] . Behrens Paul et al. [11] presented the de-
elopment of a multisodar from a ﬁve-beam SODAR to investi-
ate nature of wind in both complex and ﬂat terrain and vali-
ated it against 60 m meteorological mast and found a tight cor-
elation in homogenous terrain with RMS error of 0.4 m/s and R 2 his is an open access article under the CC BY-NC-ND license. 
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W  
i  Nomenclature 
SODAR Sound detection and ranging 
RMSE Root mean square error 
R 2 Coeﬃcient of determination 
MAPE Mean absolute percentage error 
M Maximum Deviation 
RPE Relative percentage error 
k Shape parameter of Weibull distribution 
c Scale parameter of Weibull distribution (m/s) 
MLM Maximum likelihood method 
MMLM Modiﬁed maximum likelihood method 
WPD Wind power density 
IEC International Electro-technical Commission 
V Wind speed (m/s) 
TC Turbine capacity 
CF Capacity factor 
Y Annual energy production 
F Export fraction 
T c Total cost of turbine 
O c Operating cost 
G c Unit cost of electricity generation 
W c & W m Wind monitoring and maintenance cost 
P b Payback period 
n Number of observations 
v i Wind speed measured at the interval i. 
f(v i ) Frequency for wind speed ranging within bin i 
F(v) Cumulative distribution function 
f(v) Weibull, probability density function 
v¯ Mean wind speed (m/s) 
V mp Most probable wind speed 
V me Maximum energy carrying wind speed 
U(z) Wind speed at elevation z 
k Von Karman constant 
Z 0 Aerodynamics roughness length 
Greek letters 
ρ Density of surrounding air (kg/m 3 ) 
 Gamma function 
σ Standard deviation 
α Power exponent or wind shear exponent 
u ∗ Frictional velocity 
τ 0 Surface shear stress 
0.98. Noord et al. [12] reported the SODAR calibration for wind en-
ergy application, measurement of power performance of wind tur-
bine using SODAR and operational characteristics. Barthelmie R. J
et al. [13] used ship mounted SODAR to determine wind turbine
wakes and vertical proﬁle and compared the result with meteoro-
logical mast on two offshore and one coastal mast installed at the
same site. Hayashi T. et al. [14] showed the comparative results of
wind observation from a mini Doppler SODAR and standard cup
anemometer at 70 m height, the wind speed showed the good cor-
relation coeﬃcient R = 0.88 to 0.94 at all heights. Ormel FT et al.
[15] performed measurement at both offshore and onshore region
to compare two SODAR against meteorological mast at lower as
well as at higher altitude, results shows that at 40 m height the
SODAR measurement deviated 100 percent from mast measure-
ment (no correlation), correlation coeﬃcient gets improve to 0.97
to 0.99 as height increases for both wind direction and wind speed
at onshore site however in offshore region at 10 m height 50 per-
cent deviation was observed for wind speed as those indicated by
mast and at 20 m height less difference is observed. Apart from
ground based SODAR system as addressed here, Doppler LIDAR
[16–19] airborne SAR (Synthetic Aperture Radar) [20] , Scatterome-er are also used for observation of wind characteristics at onshore
s well as in offshore area. 
SODAR systems were primarily associated in atmospheric re-
earch, very few studies were directed on the assessment of wind
nergy potential and observation of wind characteristics in India.
t is assumed that the results presented in this study will encour-
ge the research interest of wind-SODAR proﬁling and wind energy
evelopment in India. National Institute of Wind Energy, Chennai
autonomous research institute under Ministry of New and Renew-
ble Energy, Govt. of India) has already announced the National
ffshore wind energy policy for the development of offshore wind
n India [21] and has started demonstration projects and strategic
lanning. National Institute of Wind Energy is so far the only gov-
rnment body that conducts wind monitoring using SODAR (Sound
etection and Ranging) and LiDAR wind proﬁlers. The main aim of
his study is to prove the wind community in India that wind re-
ource assessment can be easily done in a cost-effective way using
 SODAR system, compared to the traditional but expensive met
ast system, without compromising on the quality of your mea-
urements – as a SODAR system can be quickly deployed anywhere
nd ﬂexible to be moved around. 
The outcome of this study is expected to provide important
nformation for the assessment of wind resources at higher alti-
ude, economic feasibility of wind turbine project and for future
ffshore wind energy development in India. It is essential to verify
ind measurements from SODAR and decrease the uncertainty of
ODAR measurements. In this study, measurements from ground-
ased SODAR over various heights have been performed to prove
ts effectiveness. In addition, the economic assessment is shown in
rder to highlight the economic feasibility of SODAR instrument.
oreover, this paper includes a detailed description of experimen-
al site and instruments in Section 2 , Section 3 shows the relia-
ility assessment of SODAR measurements which is done by com-
aring with the measurement from a nearby meteorological mast;
ection 4 presents the comprehensive analysis of wind character-
stics measured by SODAR; Section 5 shows the comparative eco-
omic assessment of meteorological mast measurement and SO-
AR measurement at different heights; Section 6 summarizes the
onclusion based on this study. 
. Description of experimental site and instrument 
The Fig. 1 shows the location 120 m installed meteorological
ast and 2 MW Kenersys make wind turbine. The geographi-
al location of site is 08 ° 57 ′ 44.27 ′′ N is latitude and 77 ° 43 ′ 
0.80 ′ ’ E longitude and the site features are gently sloping towards
he western direction. The roughness length of the site is 0.3 m
22] and the yearly average temperature and relative humidity of
he site is 42 °C and 72 percent respectively. The surrounding area
f SODAR and met mast is covered with agricultural land, shrubs
nd trees within a distance of about 250 m. The measurement site
s located at a distance of one km or more from small villages and
mall towns with few sheltering (5–8 m high). 
There were no obstacles in the vicinity of the SecondWind
riton SODAR during measurement campaign and the instru-
ents were pre-programmed to measure wind data at 10 different
eights of 30, 50, 60, 80, 100, 120, 140, 160, 180 and 200 m. This
tudy shows the observation of 10 minute average time series wind
haracteristics evaluated through SODAR instrument at 60 m, 80 m,
00 m and 120 m only. The time series wind data were recorded in
horus by cup anemometer mounted on 120 m high lattice struc-
ure meteorological mast at different height for the same period of
ime. 
The layout of a 120 m high meteorological mast and a Second-
ind Triton SODAR system at a time of measurement campaign
s shown in Fig. 2 . The SecondWind Triton SODAR and 120 m me-
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Fig. 1. Kenersys 2 MW Wind Turbine with 120 m Mast installed at Kayathar, Tamil Nadu, India. 
Fig. 2. Measurement campaign layout of MAST and SODAR at the site. 
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Fig. 3. Wind rose at different height. 
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8  eorological mast were used to record the time series wind data
imultaneously to obtain wind parameters at various heights on
ame time. The meteorological mast is located on a western side of
he wind turbine at a distance of 200 m, while SODAR is placed at
 distance of 150 m from the base of the mast. The Fig. 3 shows a
revailing wind direction at each height. The data involved in this
tudy were recorded during high wind season. This measurement
ampaign shows the observation of wind parameters at four dif-
erent heights 60 m, 80 m, 100 m and 120 m by the use of Doppler
ODAR. a  .1. Meteorological mast 
The meteorological mast installed on the wind farm is of a lat-
ice structure with a cross-sectional area of 800 mm x 800 mm
hown in Fig. 4 . The height of the mast is 120 m and is equipped
ith six cup anemometers at different altitudes. A top mounted
nemometer is positioned at a height of 120 m. Three side
ounted cup anemometers (NRG #40C) along with wind vane
NRG 200P) are installed at three different altitudes i.e. at 120 m,
0 m and 60 m, one ultrasonic cup anemometer is located at 100 m
nd two other cup anemometer are located at 10 m and 30 m, all
498 P.K. Chaurasiya et al. / Resource-Eﬃcient Technologies 3 (2017) 495–505 
Fig. 4. (a) Instrumentation and (b) 120 m meteorological mast (installed at Kayathar). 
Table 1 
Calibration details of cup anemometers (source: National Institute of Wind Energy, Chennai, India). 
Sensor Model Manufacturer Height Deviation ∗ Notes 
Anemometer NRG#40C NRG Systems, Hinesburg, 
Vermont, USA 
60 m R = 0.9999 M = −0.058 m/s at 15.819 m/s Calibrated (MEASNET) 
90 m R = 0.9999 M = −0.040 m/s at 15.783 m/s Calibrated (MEASNET) 
95 m R = 0.9999 M = −0.029 m/s at 15.795 m/s Calibrated (MEASNET) 
120 m R = 0.9999 M = 0.051 m/s at 10.928 m/s Calibrated (MEASNET) 
∗ R = coeﬃcient of correlation, M = Maximum deviation 
Table 2 
Technical speciﬁcation of instruments anemometers (source: National Institute of Wind Energy, Chennai, India). 
Sensor Model Ranges Operating 
temperature 
( °C) 
Operating 
humidity range 
(%) 
Threshold value 
Cup 
anemometer 
NRG#40C 1 – 96 (m/s) −55 to 60 0 to 100 0.78 m/s 
Wind vane NRG#200P 360 ˚mechanical, continuous 
rotation 
−55 to 60 0 to 100 1 m/s 
Temperature 
sensor 
Galltec −30 to 70 −30 to 70 0 to 100 –
Pressure sensor Setra 205 25 PSI to 50 0 0 PSI 0 to 175 0 to 100 Response time- 
1 millisecond 
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a  these anemometer and wind vanes are placed at a distance of 4 m
from the mast structure on horizontal boom (can be seen in Fig. 4 ).
In addition, two temperature sensors (Galltec) are installed
at 10 m and 120 m along with humidity measuring sensor (Gall-
tec) respectively and one pressure sensor (Setra) is placed at 5 m
height. The data logging system is conﬁgured at 1 Hz to record the
10 minute average time series wind data. The Table 1 shows the
calibration details of cup anemometer installed on a meteorologi-
cal mast, the MEASNET procedure [23] (IEC 61,400-12-1) prescribes
an absolute uncertainty less than 0.1 m/s at a mean wind velocity
of 10 m/s that is 1 percent at 95 percent conﬁdence level. The NRG
cup anemometers were factory calibrated at all heights and all sen-
sors compiles as per MEASNET requirement. No onsite calibration
was performed for any of the sensors. The detailed speciﬁcation is
of the instruments is shown in Table 2 . 
2.2. Sonic Detection and Ranging (SODAR) system 
It is a ground based remote sensing technique and works on
Doppler principle. It transmits a short acoustic sinusoidal pulse
vertically upward into atmospheric boundary layer through trans-
mitter, while at the same time pulse is reﬂected back to the re-eiver. The wind speed, direction and turbulent structure depend-
ng on sonic frequency, system’s power output, atmospheric stabil-
ty and existing noise environment are determined by using inten-
ity and Doppler shift of the returned signals at lower atmosphere
pproximately 2 km [1] . The detail speciﬁcation of SODAR instru-
ent is shown in Table 3 . The SecondWind Triton SODAR used for
easurement was placed at a distance of 150 m from 120 m mast
o avoid the obstacle (mast shade) in the vicinity of the instrument.
. Reliability assessment of SODAR measurement 
In this study, the ﬁdelity of SODAR measurement is evaluated
y comparing with the measurements of cup anemometers which
re installed on meteorological mast nearby at 60 m, 80 m, 100 m
nd 120 m respectively. The Table 4 illustrates the comparative
ean wind speed, standard deviation, median, maximum wind
peed and minimum wind speed for the measured wind speed at
ifferent height by cup anemometer and SecondWind Triton SO-
AR. The comparison of daily mean wind speed proﬁle is shown in
ig. 5 below for the month of September (because of high windy
eriod) at each height. Ali M Abdelsalem et al. [22] ensured the
ccuracy of SecondWind TRITON SODAR by comparing it with cali-
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Table 3 
Technical speciﬁcation of SODAR [34,35] . 
Data capture 
Maximum height 200 m 
Wind speed range 0–25 m/s (0–55 mph) Data recovery rate > 98% (at all Heights) 
Filtered data recovery > 95% at 60 m; > 90% at 80 m; > 90% at 120m 
Data upload rate Every 10 minutes, via communications link. Automatic data buffering and backﬁlling 
Protocol. 
SD memory card socket 2 GB SD card records a minimum of 2years of 10 minutes data. 
Power supply 
Power consumption 7 W (average) 
Solar panels 2 Panels, each rated @ 85W 
Operation 
Ambient temperature −40 °C to + 65 °C ( −40 °F to + 150 °F) Frequency if 4500 Hz (nominal), with automatic 
Number of sound beam 3 
Sound level at ear level 87 dBa at 0 m; 63 dBa at 50m 
Accuracy 
Accuracy of instrument measurement 
interferences data capture and data quality. 
2.4% (average), typical range (1.5 to 3.5%) 
Vertical extrapolation 2.0% average, typical range (1 to 3%) 
Wind speed frequency distribution. Long-term 
average wind speed 
2.1% average, typical range (1–3%) 
Table 4 
Statistical parameter of wind speed at all measured heights. 
Height Assessment 
technique 
Data recovery 
rate (%) 
Mean wind 
speed (m/s) 
Median (m/s) Maximum wind 
speed (m/s) 
Minimum wind 
speed (m/s) 
60 m MAST 99.95 7.748 8.531 17.296 0.3170 
SODAR 99.23 7.608 8.451 16.330 0.140 
80 m MAST 99.91 8.330 9.258 18.412 0.904 
SODAR 99.93 7.989 8.970 16.180 0.600 
100 m MAST 100 8.456 9.488 18.421 0.731 
SODAR 100 8.351 9.340 23.280 0.300 
120 m MAST 99.93 8.706 9.812 18.453 0.425 
SODAR 99.83 8.361 9.170 23.443 0.100 
Fig. 5. Comparison of daily mean wind speed proﬁle. 
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v  rated mast-mounted cup anemometer installed at Kayathar, Tamil
adu. The comparison results showed a very good correlation be-
ween the data obtained from mast-mounted cup anemometer and
ODAR. 
The Table 5 tabulates the result of the statistical analysis. The
aximum mean absolute percentage error (MAPE) is found to be
.8 percent, while the minimum R 2 value was found to be 0.9696.
he result of statistical analysis shows the variation of Weibull
istribution obtained from SODAR measurement against measuredrom mast. From the above table it can be seen that there is not 
r  uch discrepancies between the result of Weibull parameters of
ast and SODAR 
. SODAR – based observations of wind characteristics 
In this segment, wind characteristics are investigated on the ba-
is of the wind SODAR measurements. The aim of this detailed in-
estigation is to provide useful information for the design of wind
esistance structures and accurate assessment of wind resources at
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Table 5 
Summarization of statistical analysis at overlapping heights. 
Height Weibull parameters Statistical analysis 
MAST measured value SODAR MAPE (%) R 2 RPE (%) 
k c (m/s) k c (m/s) k c (m/s) 
60 m 2.026 8.699 1.967 8.523 0.12 0.9953 2.91 2.02 
80 m 2.023 9.354 2.070 8.974 0.73 0.9875 2.47 4.06 
100 m 2.027 9.542 1.975 9.012 1.1 0.9735 2.56 5.55 
120 m 2.035 9.772 1.974 9.189 1.8 0.9696 2.99 5.96 
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6  
m  higher heights along with valuation of economic feasibility of wind
turbine project. 
4.1. Measured wind speed characteristics 
The wind is highly variable and intermittent both spatially and
temporally the power extracted from the incident wind by a wind
turbine is proportional to the cube of the wind speed, therefore ac-
curate assessment of wind speed is necessary for the estimation of
wind energy potential, economic feasibility of the project and de-
sign of wind turbine structures. The probability distribution models
are usually used for the analysis of the wind speed distribution, in
which the two parameters Weibull distribution functions are com-
monly used for the estimation of the wind speed distribution over
the time period. The Weibull probability function and cumulative
distribution function is given by [8,19,25] 
f ( v ) = k 
c 
(
v 
c 
)k −1 
× exp 
[
−
(
v 
c 
)k ]
(1)
F ( v ) = 1 − exp 
[
−
(
v 
c 
)k ]
(2)
where f(v) and F(v) are probability and cumulative density func-
tion. The dimensionless Weibull k (shape factor) parameter directs
the width of the distribution and Weibull c (scale factor) parame-
ter with a unit of m/s controls the average wind speed. 
There are various methods to compute Weibull parameter,
[8,22,26 , and 27] . In 2017, Baseer et al. [26] estimated Weibull pa-
rameters using least square-regression method, maximum likeli-
hood method and WAsP algorithm to study the wind character-
istics of seven locations in Jubail, Saudi Arabia, similarly in 2015
Baseer et al. [27] determined Weibull parameter using maximum
likelihood method to analyze the wind characteristics and resource
assessment in Middle East (Jubail Industrial city) using hourly
wind speed data at different heights. In this study maximum like-
lihood method and modiﬁed maximum likelihood method have
been considered. The maximum likelihood and modiﬁed maximum
likelihood methods are extensively used method and requires a nu-
merical iteration for the estimation of shape factor. For the maxi-
mum likelihood method, the mathematical equation to determine
Weibull parameter is given by [8,22] 
k = 
(∑ n 
i=1 v 
k 
i 
ln v i ∑ n 
i=1 v 
k 
i 
−
∑ n 
i=1 ln v i 
n 
)−1 
(3)
c = 
[ 
1 
n 
n ∑ 
i=1 
( v i ) 
k 
] 1 
k 
(4)
similarly for the modiﬁed maximum likelihood method the
Weibull parameters are estimated using equation as given below
[8] 
k = 
[∑ n 
i=1 v 
k 
i 
ln ( v i ) f ( v i ) ∑ n 
i=1 v 
k 
i 
f ( v i ) 
−
∑ n 
i=1 ln ( v i ) f ( v i ) 
f ( v ≥ 0 ) 
]−1 
(5) = 
[ 
1 
f ( v ≥ 0 ) 
n ∑ 
i=1 
( v i ) 
k f ( v i ) 
] 1 
k 
(6)
here n is the number of observations, v i is the wind speed mea-
ured at the interval i, f(v i ) the frequency for wind speed rang-
ng within interval i, and f(v ≥0) is the probability for wind
peed equal to or exceeding zero. From Table 4 above, the aver-
ge 10-min wind speed measured from meteorological mast in-
reases from 7.748 m/s at 60 m to 8.706 m/s at 120 m, while max-
mum wind speed increases from 17.296 m/s to 18.453 m/s as the
eight increases. Whereas for the SODAR instrument the average
ind speed increases from 7.608 at 60 m to 8.361 at 120 m and
aximum wind speed increases from 16.330 m/s to 23.443 m/s.
he Weibull parameters k and c derived from maximum likelihood
ethod and modiﬁed maximum likelihood method is shown in
able 6 for all the measured heights. 
The Weibull parameters derived shows a good agreement, the
hape parameter k was observed to be around 1.96 to 2.16 at all
eight excluding at 60 m and scale parameter c (m/s) is centerd
ith a value around 8.5 m/s to 10 m/s. After determining Weibull
arameters, they can be used to compute wind power density.
ind power density shows the total available energy at the site
or conversion, which can be calculated as [8] : 
P 
A 
= 1 
2 
ρ c 3 
(
1 + 3 
k 
)
(7)
The Table 7 below summarizes the calculated wind power den-
ities by both the measuring instrument using different methods
t all measurement heights. 
Additionally, Weibull parameter can also be used to calculate
haracteristics of wind speed namely the most probable wind
peed (V mp ) and maximum energy carrying wind speed (V me ). At
 given location the peak of wind speed probability distribution is
hown by most probable wind speed, whereas the peak of wind
ower probability distribution is shown by maximum energy car-
ying wind speed. The value of V mp and V me can be calculated
rom the following equations [8] 
 mp = c 
(
1 − 1 
k 
)1 / k 
(8)
 me = c 
(
1 + 2 
k 
)1 / k 
(9)
The Table 8 below shows the value of V mp and V me at all mea-
urement heights for both the measuring systems. Technically, in
rder to extract more energy the rated speed of wind turbine
hould be close to the maximum energy carrying wind speed and
he most probable wind speed provides useful information for the
tructural design of wind turbines. 
The values of most probable wind speed (V mp ) ranges from
.217 m/s at 60 m to 7.042 m/s at 120 m for meteorological mast
easurement whereas for SODAR measurements it varies from
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Table 6 
Computed Weibull parameters at all heights. 
Height 
Measurement 
technique Methods 
Measured value Maximum likelihood method 
Modiﬁed maximum likelihood 
method 
k c (m/s) k c (m/s) k c (m/s) 
60 m MAST 2.026 8.699 3.319 10.151 2.027 8.702 
SODAR 1.967 8.523 3.172 9.978 1.964 8.536 
80 m MAST 2.023 9.354 2.025 9.551 2.034 9.363 
SODAR 2.070 8.974 2.065 8.966 2.070 8.975 
100 m MAST 1.976 9.476 1.976 9.476 1.974 9.477 
SODAR 2.149 9.358 2.144 9.381 2.145 9.387 
120 m MAST 2.035 9.772 2.033 9.716 2.045 9.779 
SODAR 1.974 9.189 1.972 9.185 1.980 9.159 
Table 7 
Wind power density estimation using Weibull parameters. 
Height Measurement 
technique 
Methods 
Experimental Value Maximum likelihood method Modiﬁed maximum likelihood method 
Wind power density (W/m 2 ) Wind power density (W/m 2 ) Wind power density (W/m 2 ) 
60 m MAST 524 616 529 
SODAR 513 595 516 
80 m MAST 658 700 657 
SODAR 568 568 568 
100 m MAST 702 702 703 
SODAR 622 628 623 
120 m MAST 746 734 744 
SODAR 641 641 632 
Table 8 
Estimation of characteristics wind speeds. 
Height Measurement 
technique 
Characteristics wind speeds (m/s) 
Experimental value Maximum likelihood method Modiﬁed maximum likelihood 
method 
V mp V me V mp V me V mp V me 
60 m MAST 6.21 12.20 9.11 11.70 6.22 12.20 
SODAR 5.90 12.17 8.85 11.64 5.94 12.20 
80 m MAST 6.67 13.13 6.82 13.40 6.71 13.11 
SODAR 6.52 12.44 6.50 12.44 6.52 12.44 
100 m MAST 6.63 13.49 6.63 13.49 6.62 13.50 
SODAR 6.99 12.70 6.99 12.75 7.00 12.76 
120 m MAST 7.00 13.67 6.96 13.60 7.04 13.65 
SODAR 6.42 13.09 6.41 13.10 6.42 13.03 
Table 9 
Estimated wind shear coeﬃcients. 
Wind shear between Measurement 
techniques 
Based on all positive value of wind shear coeﬃcient 
Sample size Average Max Min 
α 1- 50 m and 60 m Mast 4320 0.2680 2.871 0.0 0 03 
SODAR 4320 0.1823 2.801 0.0 0 04 
α 2- 60 m and 80 m MAST 4318 0.2423 2.982 0.0 0 08 
SODAR 4318 0.2217 2.772 0.0 0 02 
α 3- 80 m and 100 m MAST 4317 0.2241 3.143 0.0 0 03 
SODAR 4317 0.2231 3.183 0.0 0 03 
α 4- 100 m and 120 m MAST 4317 0.2121 2.887 0.0 0 04 
SODAR 4317 0.2198 2.964 0.0038 
5  
r  
a  
v
4
 
i  .904 m/s at 60 m to 7.0 05 at 10 0 m, while maximum energy car-
ying wind speed ranges (V me ) from 11.70 m/s 60 m to 13.679 m/s
t 120 m for mast measurement and for SODAR measurement it
aries between 11.640 at 60 m to 13.100 m/s at 120 m. w  
c  .2. Wind shear coeﬃcient and vertical wind speed proﬁles 
As discussed earlier, the modern machines are getting bigger
n size that aims to extract more quantity of wind energy. The
ind characteristic at hub height of wind turbine plays a signiﬁ-
ant role in the assessment of economic feasibility and design of
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Fig. 6. Comparison of vertical wind speed proﬁle (a) power law (b) log law. 
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s  wind turbines. The vertical wind speed models are used to extrap-
olate wind speed at higher heights. In this study the comparison
of the vertical wind speed proﬁle measured from SODAR are com-
pared with power law [28] and the log law [28] along with mast
measurements. The power law model is commonly used for deﬁn-
ing vertical proﬁle in wind energy and mathematically represented
as: 
U ( z ) = U ( Z r ) ( Z 
Z r 
) α (10)
where U (z) is wind velocity at elevation z, U(Z r ) is wind velocity
at higher elevation and α is the power exponent or wind shear
exponent. 
The logarithmic model is another approach which accounts
both the thermal and roughness effect to derive the variation of
wind speed with height, which is mathematically expressed as
[30] : 
U ( Z ) = u ∗
k 
ln 
(
Z 
Z 0 
)
(11)
Where k is von Karman constant (0.4), u ∗ is the frictional veloc-
ity (u ∗ = ( τ 0 / ρ)) and τ 0 is the surface shear stress. The values
of u ∗ was calculated depending on the wind speed measured at
each elevation by two techniques and Z 0 is aerodynamics rough-
ness length (0.3) [22] . 
The Fig. 6 illustrates the comparison of SODAR-derived verti-
cal proﬁle with mast measurement, assuming a power exponent
of 0.14 suggested by International Electro-technical Commission. It
is observed that the SODAR-derived mean wind speed proﬁle ﬁts
well with both power law and log law. The little variation can
be seen mainly due to the inﬂuence of wind-driven wave. In this
case the standard wind proﬁle measured by SODAR measurement
tends to predict higher wind speed in comparison to mast mea-
surement at higher altitudes, which provides useful information in
terms of safe-design of turbines structures and tall meteorologi-
cal mast structures. However, it might also result in overestimation
of wind energy potential which may affect the structural design
and economic feasibility of the project. It is also observed that the
deviation between the SODAR measurement and standard vertical
wind proﬁle is dependent on mean wind speed, higher mean wind
speed results in higher deviations. The questionable aspects identiﬁed that the 1/7 power law
odel is generally adopted to ﬁnd wind speed at hub height of
ind turbines due to lack of wind speed measurements data at
igher level, however, the value of wind shear coeﬃcient changes
nder different conditions. Touma [28] suggested that power law is
enerally satisfactory for neutral conditions and highly dependent
n and varies with atmospheric stability, whereas Rehman et al.
29] stated that wind shear coeﬃcient is highly dependent on sur-
ace roughness and topographic conditions. In practice Firtin et al.
29] found that the real value of wind shear coeﬃcient is much
igher than value of 1/7. In this study, the characteristic of wind
hear coeﬃcient is determined on multi-height. The wind shear
oeﬃcient is calculated as: 
= ln ( V 2 ) − ln ( V 1 ) 
ln ( Z 2 ) − ln ( Z 1 ) 
(12)
here V 2 and V 1 are wind speed at height Z 1 and Z 2 . The
able 9 below shows the statistical results of wind shear coeﬃ-
ients. It is seen that the unconditional use of power law may lead
n misleading estimation of wind speed at hub height. 
.3. Turbulence 
Turbulence structure of wind is another important parameters
hich plays an important role in wind energy development. The
esign of wind turbines supporting structures depends on the vari-
tion of turbulence intensity [8] . Turbulence depends on thermal
nstability and mechanical friction of surface roughness in the at-
ospheric boundary layer. The surface roughness can be consid-
red as invariant for speciﬁc site. Under such situation, because of
hermal instability the turbulence intensity will increase as mean
ind speed decreases. Turk and Emeis [31] mentioned that at
ower wind speed the thermal production of turbulence is domi-
ative however, at higher wind speed the wind driven waves pro-
uces the mechanical friction which reduces the effect of ther-
al instability which result in increase of turbulence intensity as
 function of increasing mean wind speed. In Fig. 7 , it is observed
hat in lower wind speed range of 2 m/s to 5 m/s the variation of
urbulence intensity is maximum at all measured heights but be-
ond 5 m/s and upto 15 m/s at different elevation as per SODAR ob-
ervation the turbulence intensity variation is very close in range
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Fig. 7. Variation of turbulence intensity with mean wind speed. 
Fig. 8. Vertical proﬁle of turbulence intensity. 
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b  
Fig. 9. Percentage increase in cost of meteorological mast. 
p  
mf 0.05 to 0.15. In this study the atmosphere was thermally stable,
he temperature variation has a deviation of less than 0.5 percent. 
The statistical characteristic of turbulence intensity is presented
n Table 10 and vertical variation is shown in Fig. 8 . 
The turbulence intensity measured by SODAR was poorly cor-
elated with meteorological mast, the correlation were reasonable.
urther study is required to facilitate accurate measurement of tur-
ulence intensity using SODAR. The Fig. 8 shows that there is ex-onential increase in turbulence intensity with decrease in height
easured from both the instruments. 
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Table 10 
Statistic parameters of turbulence intensity at different heights. 
Height Measurement 
technique 
Turbulence intensity 
Mean Minimum Maximum 
60 m MAST 0.1367 0.01728 1.1826 
SODAR 0.1483 0.0199 1.0553 
80 m MAST 0.1207 0.0099 1.1820 
SODAR 0.1302 0.0101 0.9727 
100 m MAST 0.1168 0.0098 1.1827 
SODAR 0.1206 0.0110 0.9523 
120 m MAST 0.1074 0.0063 1.1923 
SODAR 0.1174 0.0155 1.8935 
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t  5. Economic assessment – a case study 
The Economic appraisal of wind energy depends on several util-
ities such as annual energy production from wind turbine installa-
tion, capital cost of installation, length of contract, operation and
maintenance cost, country of origin and market place condition
[24] . The wind resource monitoring cost is also a one of an im-
portant factor which plays an important role in assessing wind en-
ergy economics particularly at higher heights and can affect the
economic feasibility of wind farm project. Neglecting the cost of
wind resource monitoring effect the value of unit generation of
electricity. It is diﬃcult to understand the correlation between tur-
bine price, payback period and cost of electricity with too many
factors at a same time. This economic evaluation shows the com-
parison of the approximate cost of wind resource monitoring done
through traditional meteorological mast and SODAR at 80 m and
120 m height. This economic calculation assumes no incentive or
loan, grant, discount rate and wind farm land rate. The installed
cost per kW for Kenersys 2.0 MW is $ 1103 at 80 m height. The
operation and maintenance cost is assumed to be 2.5 percent of
turbine installation [32] . The capacity factor is assumed to be 20
percent at both the heights due to better windy season. The cur-
rent tariff rate in Tamil Nadu, India is $ 0.05 per kWh (ﬁxed for 20
years) [33] . 
The cost of a typical SecondWind Triton SODAR is approxi-
mately $ 51,470 (maintenance cost is negligible) while a 50 m
mast of 300 mm x 300 mm with a ﬁrst class sensor cost approx
$ 13,236. The Table 11 shows the approximate cost of meteoro-
logical mast with installed sensor. The Table 12 shows the basic
tabulation to calculate some techno-economic parameters. The SO-
DAR measurement shows the less unit cost of generation relatively
to mast at 120 m height and the expected payback period for the
mast at 120 m is longer than SODAR measurement. Hence, on in-
creasing height i.e. above 120 m the total cost decreases for SO-
DAR measurement as compared to mast measurement because on
increasing height the structural material of lattice mast increases
which results in addition of extra cost to long lattice mast whereasTable 11 
Approximate cost of meteorological mast installed at site. 
Mast Height 
(m) 
Dimension 
(mm) Cost of ﬁrst class senso
Cup anemometer 
(Approx) 
50 300 ×300 4 ×1029 
80 300 ×300 5 ×1029 
100 300 ×300 5 ×1029 
120 800 ×800 6 ×1029 or SODAR measurement the cost remains constant on increasing
eight. 
The cost of erecting a 50 m meteorological mast is approxi-
ately $ 13,236, whereas the cost increases by 5.3 times for 120 m
eteorological mast. 
The percentage increase in the structural cost of meteorological
ast varies from 0.60 times at 80 m to 1.40 times at 100 m (cost
t 50 m is taken as reference cost). At higher heights i.e. more than
00 m the cost of meteorological mast increases unexpectedly as
hown in Fig. 9 . From Table 12 it is observed that the approximate
ost of wind monitoring and maintenance can be recovered from
he project by adopting SODAR for wind measurement at higher
eights. 
. Conclusion 
In this study ﬁdelity of wind SODAR measurements was exam-
ned and nearly similar trend were observed in regard to the com-
arison of daily mean wind speed proﬁle, whereas good agree-
ent was found in comparison of wind direction with a corre-
ation coeﬃcient above 0.99 and regression slope in the range of
early 1.0. 
Two different methods namely maximum likelihood method
nd modiﬁed maximum likelihood method were applied to es-
imate the Weibull parameter and no signiﬁcant difference was
ound in the values of Weibull parameters. Meanwhile the result
resented for wind power density and two useful characteristics
ind speeds, namely most probable wind speed and maximum
nergy carrying wind speed are expected to provide useful infor-
ation for the assessment of economic feasibility of wind turbine
roject in this region in near future. The wind shear coeﬃcient was
valuated with a mean value in the range of 0.1 to 0.26. This re-
ult can add signiﬁcant understanding of the vertical variation of
ind speed at a particular region, and may also add qualitative
nformation in regard to the structural design of wind turbine. In
ddition, SODAR-derived wind proﬁle and mast derived wind pro-
le were compared with the existing power-law and log law and
esults suggested that wind proﬁle ﬁt well for both the measure-
ent technique. 
Moreover, the turbulence properties were also compared and
nvestigated and the magnitude of turbulence intensity with height
nd mean wind speed were determined. Initially the turbulence in-
ensity decreased with the increasing mean wind speed, but once
he wind speed reached a certain value, turbulence intensity be-
ame constant because of wind driven wave. Further, it was found
hat the turbulence intensity decreased exponentially on decreas-
ng height. These results would be helpful to assess the fatigue
oads, the operation eﬃcacy of wind turbine at this particular re-
ion and future development of offshore sites in India. 
By employing SOADR system the unit cost of electricity genera-
ion decreases to 2.14 percent and payback period to 2.12 percent
ompared to mast measurement. Hence, by adopting SODAR sys-
em for wind resource assessment it is possible to decrease ther (US$) 
Wind vane 
(Approx) 
Temperature 
sensor (Approx) 
Pressure sensor 
(Approx) 
2 ×588 1 ×368 1 ×221 
3 ×588 1 ×368 1 ×221 
3 ×588 1 ×368 1 ×221 
4 ×588 2 ×368 1 ×221 
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Table 12 
Comparative payback period and AEP. 
Parameters Formula Heights Unit 
80 m 120 m 
MAST SODAR MAST SODAR 
Turbine capacity TC 20 0 0 20 0 0 2300 2300 kW 
Capacity factor CF 20 20 20 20 percent 
Annual energy production (Y) Y = TC .CF.8760 h/year 3,504,0 0 0 3,504,0 0 0 4,029,600 4,029,600 kWh/year 
Total electricity generation(20 year) V tog = Y ∗20 70,080,0 0 0 70,080,0 0 0 80,592,0 0 0 80,592,0 0 0 kWh 
Export fraction F 100 100 100 100 percent 
Unit price of exported electricity P exp 0.05 0.05 0.05 0.05 US$ 
Annual value of exported electricity A exp = Y ∗ P exp 174,685 174,685 200,887 174,685 US$/Year 
Value of exported electricity (20 years) V exp = V tog ∗P exp 3,493,694 3,493,694 4,017,748 4,017,748 US$ 
Total value of electricity V tot 3,493,694 3,493,694 4,017,748 4,017,748 US$ 
Total cost of turbine installation T c 2,058,824 2,058,824 2,50 0,0 0 0 2,50 0,0 0 0 US$ 
Annual operating cost O c 25,735 25,735 31,250 31,250 US$ 
Wind monitoring cost & maintenance cost W c + W m 26,618 58,824 115,368 58,824 US$ 
Total cost (V tot ) V tot = (T c + O c + W c + W m ) 2,111,176 2,143,382 2,646,618 2,590,074 US$ 
Unit cost of electricity generation G c = V tot / V tog 0.0301 0.0305 0.0328 0.0321 US$ 
Payback period P b = V tot / A exp 12.08 12.27 13.17 12.89 Years 
Total saving S – – – 56,888 US$ 
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 otal cost without degrading the quality and performance of wind
urbines and it is also possible to achieve a payback period of less
han 20 years. 
cknowledgment 
The authors would like to thank Maulana Azad National Insti-
ute of Technology for providing the ﬁnancial support to facilitate
his study. Authors would like to express their heartfelt gratitude
o the National Institute of Wind Energy, Chennai, India (an au-
onomous research institute under ministry of new and renewable
nergy, government of India) for providing facility and their tech-
ical assistance in various matter related to this study . 
eferences 
[1] S. Lang , McKeogh , LIDAR and SODAR measurements of wind speed and direc-
tion in upland terrain for wind energy purposes, Remote Sens. 3 (9) (2011)
1871–1901 . 
[2] IEC–International Electro technical Commission. IEC 61400-12-1 Edition 1:
Wind Turbines-Part 12-1: Power Performance Measurements of Electricity Pro-
ducing Wind Turbines. 2007: 67–74. 
[3] A. Pena , C.B. Hasager , S.E. Gryning , M. Courtney , I. Antoniou , T. Mikkelsen , Off-
shore wind proﬁling using light detection and ranging measurements, Wind
Energy 12 (2) (2009) 105–124 . 
[4] J. Wucknitz , Disturbance of wind proﬁle measurements by a slim mast, Bound-
ary Layer Meteorol. 11 (2) (1977) 155–169 . 
[5] M.A. Baseer , J.P. Meyer , S. Rehman , Md.Mahbub Alam , L.M. Al-Hadhrami ,
A. Lashin , Performance evaluation of cup-anemometers and wind speed char-
acteristics analysis, Renewable Energy 86 (2016) 733–744 . 
[6] C.B. Hasager , A. Pena , M.B. Christiansen , P. Astrup , M. Nielsen , F. Monaldo ,
D. Thompson , P. Nielsen , Remote sensing observation used in offshore wind
energy, IEEE J. Sel. Top. Appl. Earth Observ. Remote Sens. 1 (1) (2008) 67–79 . 
[7] A . Honrubia , A . Vigueras-Rodriguez , E. Gomez-Lazaro , Vertical wind proﬁle
measurement using a pulsed lidar system, International Symposium for the
Advancement of Boundary Layer Remote Sensing, 2010 . 
[8] Z.R. Shu , Q.S. Li , Y.C. He , P.W. Chan , Observations of offshore wind character-
istics by Doppler-LiDAR for wind energy applications, Appl. Energy 169 (2016)
150–163 . 
[9] Scott G.N., Elliott D.L. and Schwartz M.N., 2010, Comparison of second wind
Triton data with meteorological tower measurements, National Renewable En-
ergy Laboratory. 
[10] Verhoef H., van de Werff A. and Oostrum H., 2009, Comparative measurements
between a Triton SODAR and meteo measurements at the EMTW, The Nether-
lands, ECN. 
[11] P. Behrens , S. Bradley , T. Wiens , A multisodar approach to wind proﬁling, J.
Atmos. Oceanic Technol. 27 (7) (2010) 1165–1174 . 
[12] De Noord M., Curvers A., Eecen P., Antoniou I., Jorgensen H.E., Pedersen T.F.,
Bradley S., von Hunerbein S., Kindler D., Mellinghoff H., Emeis S.. WISE wind
energy SODAR evaluation ﬁnal report, EU project NNE5-2001-297. ECN-C–05-
044, 2005, 1–95; 2005. 
[13] R.J. Barthelmie , L. Folkerts , F.T. Ormel , P. Sanderhoff, P.J. Eecen , O. Stobbe ,
N.M. Nielsen , Offshore wind turbine wakes measured by SODAR, J. Atmos.
Oceanic Technol. 20 (4) (2003) 466–477 . [14] T. Hayashi , W. Liu , K. Sassa , A preliminary investigation of low-cost SODAR
anemometry, Wind Eng. 27 (4) (2003) 285–297 . 
[15] Ormel F.T., Herman S.A. and Eecen P.J., 2003, Comparative measurements of
SODAR systems Correlation with meteorological masts for onshore and off-
shore conditions and further measurements to compare SODARs, ECN-Wind—
C02-045. 
[16] A. Pena , C.B. Hasager , S.E. Gryning , M. Courtney , I. Antoniou , T. Mikkelsen , Off-
shore wind proﬁling using light detection and ranging measurements, Wind
Energy 12 (2) (2009) 105–124 . 
[17] V. Wulfmeyer , T. Janjic , Twenty-four-hour observations of the marine boundary
layer using shipborne NOAA high-resolution Doppler lidar, J. Appl. Meteorol.
44 (11) (2005) 1723–1744 . 
[18] G.J. Koch , J.Y. Beyon , L.J. Cowen , M.J. Kavaya , M.S. Grant , Three-dimensional
wind proﬁling of offshore wind energy areas with airborne Doppler lidar, J.
Appl. Remote Sens. 8 (1) (2014) 083662 . 
[19] B.R. Karthikeya , P.S. Negi , N. Srikanth , Wind resource assessment for ur-
ban renewable energy application in Singapore, Renewable Energy 87 (2016)
403–414 . 
20] C.B. Hasager , M. Badger , A. Pena , X.G. Larsen , F. Bingol , SAR-based wind re-
source statistics in the Baltic Sea, Remote Sens. 3 (1) (2011) 117–144 . 
[21] National Offshore Wind Energy Policy. Ministry of New and Re-
newable Energy. Government of India (Wind Energy Division) No.
51/58(Cab.)/2011-WE. http://www.fowind.in/uploads/default/ﬁles/news/stuff/ 
83f27fc705a9090f00da25ccc76e0b9d.pdf [accessed on 04.09. 2016]. 
22] A.M. AbdelSalam , V. Ramalingam , Wake prediction of horizontal-axis wind tur-
bine using full-rotor modelling, J. Wind Eng. Ind. Aerodyn. 124 (2014) 7–19 . 
23] MEASNET, 2009. Anemometer Calibration Procedure, October(Online). Avail-
able: http://www.measnet.com/documents . 
24] S. Emeis , C. Munkel , S. Vogt , W.J. Muller , K. Schafer , Atmospheric boundary-
layer structure from simultaneous SODAR, RASS, and ceilometer measure-
ments, Atmos. Environ. 38 (2) (2004) 273–286 . 
25] S.A . Akdag , A . Dinler , A new method to estimate Weibull parameters for wind
energy applications, Energy Convers. Manage. 50 (7) (2009) 1761–1766 . 
26] M.A. Baseer , J.P. Meyer , S. Rehman , Md.Mahbub Alam , Wind power character-
istics of seven data collection sites in Jubail, Saudi Arabia using Weibull pa-
rameters, Renewable Energy 102 (2017) 35–49 . 
[27] M.A. Baseer , J.P. Meyer , Md.Mahbub Alam , S. Rehman , Wind speed and power
characteristics for Jubail industrial city, Suadi Arabia, Renewable Sustainable
Energy Rev. 52 (2015) 1193–1204 . 
28] J.S. Touma , Dependence of the wind proﬁle power law on stability for various
locations, J. Air Pollut. Control. Assoc. 27 (9) (1977) 863–866 . 
29] S. Rehman , N.M. Al-Abbadi , Wind shear coeﬃcients and their effect on energy
production, Energy Convers. Manage. 46 (15) (2005) 2578–2591 . 
30] E. Firtin , O. Guler , S.A. Akdag , Investigation of wind shear coeﬃcients and their
effect on electrical energy generation, Appl. Energy 88 (11) (2011) 4097–4105 . 
[31] M. Turk , S. Emeis , The dependence of offshore turbulence intensity on wind
speed, J. Wind Eng. Ind. Aerodyn. 98 (8) (2010) 466–471 . 
32] Siraj Ahmed , Wind Energy: Theory and Practice, Third Edition PHI Eastern
Economy 501 Edition, ISBN, New Delhi, 2015 978-81-203-5163-9 . 
33] Indian Wind Energy Association. http://www.inwea.org/tariffs.htm . [accessed
on 18.02. 2017]. 
34] http://www.vaisala.com/Vaisala%20Documents/Brochures%20and% 
20Datasheets/WEA- ERG- G- Vaisala%20Triton%20Sonic%20Wind%20Proﬁler% 
20Datasheet.pdf . 
35] Katy Briggs, Using remote sensing to reduce uncertainty in wind power energy
estimates, 2013. DNV KEMA Energy & Sustainability and Naomi Pierce, Second
Wind, Wind power Engineering & Development. http://www.vaisala.com/en/
energy/Weather- Measurement/Remote- Sensing- Systems/Pages/Triton.aspx . 
